
SUSY QCD Corrections to Higgs Production

via Gluon Gluon Fusion

M. Margarete M¬uhlleitner
Institute of Theoretical Physics (Karlsruhe Institute of Technology)

In collaboration with

H. Rzehak and M. Spira

SUSY2011

Aug 28-Sept 2, 2011, Fermilab, USA
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Outline

� Introduction

� QCD corrections to squark loops for M g̃ → ∞

� Full SUSY-QCD corrections

� Explicit decoupling of g̃ contributions for M g̃ → ∞

� Conclusions
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Higgs Physics

Higgs physics at future colliders:

Establish experimentally the Higgs Mechanism

The Higgsmechanism:
Creation of particle masses in a gauge-invariant way

Test of the Higgsmechanism

• Discovery Ð m

• Spin and CP properties Ð JP C

• Interaction with the scalar Higgs � gH X X ∼ m(2)
X

� �
m =0 m !=0

with v = 246 GeV�= 0

• EWSB requiresHiggspotential ↔ λH H H , λH H H H

V (! )

! 0

! +
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The MSSM Higgs Sector

MSSM Higgs sector Ðsupersymmetry& anomalyfree theory ⇒ 2 complexHiggsdoublets

neutral, CP-evenh, H neutral, CP-odd A chargedH+ , H !EWSB→
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The MSSM Higgs Sector

MSSM Higgs sector Ðsupersymmetry& anomalyfree theory ⇒ 2 complexHiggsdoublets

neutral, CP-evenh, H neutral, CP-odd A chargedH+ , H !EWSB→

Higgs masses
Mh <∼ 140GeV

MA,H ,H ± ∼ O(v)...1 TeV

Ellis et al;Okada et al;Haber,Hempfling;
Hoang et al;Carena et al;Heinemeyer et al;
Zhang et al;Brignole et al;...
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Decoupling limit:

MA ∼MH ∼MH ± >∼ v

Mh → max. value,tan β Þxed;h becomesSM-like
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The MSSM Higgs Sector

MSSM Higgs sector Ðsupersymmetry& anomalyfree theory ⇒ 2 complexHiggsdoublets

neutral, CP-evenh, H neutral, CP-odd A chargedH+ , H !EWSB→

Higgs masses
Mh <∼ 140GeV

MA,H ,H ± ∼ O(v)...1 TeV

Ellis et al;Okada et al;Haber,Hempfling;
Hoang et al;Carena et al;Heinemeyer et al;
Zhang et al;Brignole et al;...

Decoupling limit:

MA ∼MH ∼MH ± >∼ v

Mh → max. value,tan β Þxed;h becomesSM-like

Modified couplings with respect to the SM: (decouplinglimit Gunion,Haber)

Φ gΦu ū g!d d̄ gΦV V

h c" /s# ! 1 " s" /c# ! 1 s# ! " ! 1

H s" /s# ! 1/tgβ c" /c# ! tgβ c# ! " ! 0

A 1/tgβ tgβ 0

tanβ # $ gΦuu %

gΦdd #

g
M S S M
ΦV V <& g

S M
ΦV V
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MSSM Higgs Boson Production at the LHC

Spira! (pp→h/H+X) [pb]
√s = 14 TeV
Mt = 174 GeV
CTEQ6M
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! (pp! A+X) [pb]

" s = 14 TeV
Mt = 174 GeV
CTEQ6M
tg"  = 3
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gg → H , h at leading order

Lowest order - 1 loop Georgi,...;Gamberini,...

p

p

g

g

Q,Q̃
h, H σ(pp→ ! + X) = σ!

0 τ!
dLgg

dτ!

σ
h/H
0 =

GF α
2
S (µR )

288
'

2π

þ
þ
þ
X

Q

g
h/H
Q F

h/H
Q (τQ ) +

X

Q̃

g
h/H
Q̃

F
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Q̃

(τQ̃ )
þ
þ
þ
2

σ
A
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GF α
2
s

128
'

2π
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X

Q

g
A
Q F

A
Q (τQ )

þ
þ
þ
2

F h/H
Q (τQ ) = 3

2τQ

!
1 + (1− τQ )f (τQ )

"
F A

Q (τQ ) = τQf (τQ )

F h/H
÷Q

(τ ÷Q ) = − 3
4τ ÷Q

!
1− τ ÷Qf (τ ÷Q )

"

f (τ ) =

#
arcsin2 1"

! τ ≥ 1

− 1
4

!
log

$
1+

"
1! !

1!
"

1! !

%
− iπ

" 2
τ < 1

τ! = M 2
!

s , τQ, ÷Q =
4m 2

Q, ÷Q

M 2
!
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gg → H , h at leading order

Lowest order - 1 loop Georgi,...;Gamberini,...
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Remarks:

• gg → A no ÷Q contribution at LO

• MSSM: tan β ↑⇒ b|÷b ↑, and t|÷t ↓

• 3rd generationdominant, ÷t,÷b contributionsimportant for m÷q <∼ 400 GeV.
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Comments

QCD corrections to top & bottom loops(2-loop)

� NLO (SM, MSSM): increaseσ by ∼ 10...100% Spira,Djouadi,Graudenz,Zerwas
Dawson;Kauffman,Schaffer

� SM; tgβ <∼ 5: M! � mt approximation for K-factor [" <∼ 25%] Krämer,Laenen,Spira

H

g

g

H

g

g

H

g

g

g

• • •

� NNLO @M! � mt ⇒ further increaseby 20-30%
Harlander,Kilgore
Anastasiou,Melnikov
Ravindran,Smith,van Neerven

� Masse!ects on NNLO corrections O(0.5%) for MH <∼ 500 GeV
Marzani,Ball,DelDuca,Forte,
Vicini;Harlander,Ozeren;
Pak,Rogal,Steinhauser

� Estimateof NNNLO e!ects � improvedconvergence Moch,Vogt
Ravindran

scaledependence " <∼ 10− 15%

� Soft gluon resummation: ∼ 10% Catani,de Florian,Grazzini,Nason

� resummationof soft gluons@N3LL Ahrens,Neubert,Becher,Yang

and of π2 enhancedterms
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Comments

EW/QCD corrections

� EW 2-loop e!ects ∼ −4− 6 % (SM) Aglietti eal;
Degrassi,Maltoni;Actis eal

� mixedEW-QCDcorrections Anastasiou,Boughezal,Petriello

NLO corrections to squark loops

� heavysquark limit Dawson,Djouadi,Spira

� full SUSY-QCDcorrectionsin heavymasslimit Harlander,Steinhauser
Harlander,Hofmann;Degrassi,Slavich

� bottom/sbottom contributions Degrassi,Slavich
Harlander,Hofmann,Mantler

asymptoticexpansionin ÷M � mb, M"

m
Q̃

<∼ 400 GeV: squarks play a signiÞcantrole �

� NLO squark masse!ects ∼ 15%
MMM,Spira:Anastasiou,Beerli,
Bucherer,Daleo,Kunszt;Aglietti,
Bonciani,Degrassi,Vicini

� full NLO SUSYQCD calculation Anastasiou,Beerli,Daleo;
MMM,Rzehak,Spira

NNLO SUSY-QCD corrections from t/ t̃ sector Pak,Steinhauser,Zerf ’10
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F irst Step: QCD corrections

" öσij = σ0

&
Cij δ(1− z) + Dij #(1 − z)

'
# s
$

� ↑
virtual+soft real corrections
corrections

z = M 2
!

ös

Virtual corrections [2 loops, first step: no gluino contributions]

g h, H
g

g

Q + + + + ááá

g h, H
g

g

÷Q+ + + + + ááá

+ + + + ááá

UV-,IR-,Coll-singularities in n = 4− 2� dimensions.
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Real Corrections

After renormalization: IR & coll. singularities � real correctionshaveto be added.

3 incoherent processes:

gg→ Hg:

g

h, H
g

g

Q +

g

h, H
g

g

÷Q+ + +

gq→ Hq:

q

h, H

q

g

Q Q̃+ +

qq̄→ Hg:
g

h, H

q

øq

g
Q ÷Q+ +

Phasespaceintegration in n = 4− 2� dimensions� IR, Coll. singularities: polesin �
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Result

- αS: MS scheme,5 active ßavours - µ=Ren. scale,Q=Fact. scale,µ2 = Q2 = M2
"

σ(pp→ φ + X) = σ"
0 [1 + C " # S

$ ]τ"
dL g g

d! !
+" σ"

gg + " σ"
gq + " σ"

qøq
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1 (τQ , τ ÷Q ) + 33! 2N F
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M 2
!
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! !

dτ dL g g

d!
# S
$ σ"

0

&
− zPgg(z) log Q2

ös + d"
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+12
! $

log (1 ! z)
1! z

%

+
− z[2− z(1− z)] log(1− z)

" '

" σ"
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( 1
! !

dτ
)

q, øq
dL g q

d!
# S
$ σ"

0

&
− z

2 Pgq(z)
!

log Q2

ös(1 ! z) 2

"
d"
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'

" σ"
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( 1
! !

dτ
)

q
dL q øq

d!
# S
$ σ"

0 d"
qøq(z, τQ , τ ÷Q )

- τQ, ÷Q =
4m 2

Q, ÷Q
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!
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m 2

!

ös
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The Scenario

The gluophobic Higgs scenario [mt = 174.3 GeV] Carena,Heinemeyer,Wagner,Weiglein

MSU SY = 350 GeV,µ = M2 = 300 GeV,Xt = −770 GeV,Ab = At , m÷g = 500 GeV

tan β = 3 tan β = 30

m÷t 1
= 156GeV m÷t 2

= 517GeV m÷t 1
= 155GeV m÷t 2

= 516GeV

m÷b1
= 346GeV m÷b2

= 358GeV m÷b1
= 314GeV m÷b2

= 388GeV

NLO cross section →
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σNLO w/ full squark mass dependence / σNLO in the heavy squark limit

! s = 14 TeV

tg"  = 3

! (pp "  h/H + X) / ! #

mt = 174.3 GeV

CTEQ6
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σ(pp→ h/H + X)/σ# up to 20%

Kinks, bumps,spikes: ÷t1
ø÷t1,÷b1

ø÷b1,÷b2
ø÷b2 thresholdsin consecutiveorder with rising Higgsmass.
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Coulomb singularities

Q̃
¯̃
Q thresholds: Formation of 0++ states� Coulombsingularities

Singular behaviour can be derivedfrom the Sommerfeldrescatteringcorrections�

At each specific Q̃0

¯̃
Q0 threshold:

C1(τQ , τ ÷Q ) → Re

#
g!

÷Q 0
÷F ( ÷Q0 ) 16 " 2

3( " 2 " 4)

h
! ln

Ò
! " 1

÷Q 0
! 1

Ó
+ i$ + const

i

P
Q g!

Q F ( ! Q )+
P

÷Q g!
÷Q

÷F ( ! ÷Q )

*

Agrees quantitatively with numericalresults.

M.M. Mühlleitner, September 1st, 2011, SUSY11



Genuine SUSY-QCD corrections

• Limit heavy SUSY masses → O(10 %) Harlander,Steinhauser,Hofmann

h/H ÷t [÷b]

t [b]

g

g

÷g + · · ·

• Numerical analysis: F h/H
Q (τQ ) → F h/H

Q (τQ )[1 + CQ
SU SY

# S
$ ]

• m2
Q/ ÷Q

→ m2
Q/ ÷Q

(1− i�)

• 5-dimensional Feynman integral → endpoint subtractions:
( 1

0 dx f (x )
x (1 ! x ) →

( 1
0 dx

&
f (x )

x (1 ! x ) −
f (0)

x − f (1)
(1 ! x )

'

⇒ isolationof singularities
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Genuine SUSY-QCD corrections

• Thresholds for M H > 2m Q → numericalinstabilities→ partial integration

( 1
0 dz f (z)

(a+ bz)2 = − f (z)
b(a+ bz)

+
+
+
1

0
+

( 1
0 dz f #(z)

b(a+ bz)
( 1

0 dz f (z)
a+ bz = f (z)

b ln(a + bz)
+
+
+
1

0
−

( 1
0 dz f #(z)

b ln(a + bz)

⇒ thresholdsin argumentsof logs⇒ stabilization
[more involvedfor quadraticpolynomials]

• Renormalisation

αS : MS scheme[5 ßavours]

mQ , m ÷Q : on-shell

At , Ab : MS scheme
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Renormalisation

• Squark Mass Matrix for details see:
Accomando,Chachamis,Fugel,Spira,Walser

M÷q =

,

-
÷M

2

÷qL
+ öm2

q(Q0) ömq(Q0)[ øAq(Q0) − µrq]

ömq(Q0)[ øAq(Q0) − µrq] ÷M
2

÷qR
+ öm2

q(Q0)

.

/

øAq(Q0) = running trilinear MS couplingat the input scaleQ0, rb = 1/rt = tan β

• Soft SUSY breaking mass term

∗ ÷M
2

÷qL/R
(Q0) = M

2
÷qL/R

(Q0) + D÷qL/R

∗ due to SU (2): at tree levelM÷t L
= M÷bL

∗ radiativecorrs. modify diagonalmassmatrix elements� compensatedby shifts in M ÷qL/R (Q0)

M2
÷qL/R

(Q0) = M
2
÷qL/R

(Q0) + " M
2
÷qL/R

∗ M
2
÷qL/R

(Q0) = MS parameterat input scaleQ0

M.M. Mühlleitner, September 1st, 2011, SUSY11



Renormalisation

• Squark Mass Matrix for details see:
Accomando,Chachamis,Fugel,Spira,Walser

M÷q =

,

-
÷M

2

÷qL
+ öm2

q(Q0) ömq(Q0)[ øAq(Q0) − µrq]

ömq(Q0)[ øAq(Q0) − µrq] ÷M
2

÷qR
+ öm2

q(Q0)

.

/

øAq(Q0) = running trilinear MS couplingat the input scaleQ0, rb = 1/rt = tan β

• Effective quark mass

∗ resumlarge correctionsfor large valuesof tan β �

∗ e!ective bottom mass Eberl eal; Hall eal; Carena eal;
Guasch eal;

ömb(Q0) = øm b (Q0 )
1+" b

" b = CF
2

# s
$ M÷g µ tan β I(m2

÷b1
, m2

÷b2
, M2

÷g )

∗ top quark mass: ömt = ømt (Q0) ømq(Q0) running MS mass
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Renormalisation

• Squark Mass Matrix for details see:
Accomando,Chachamis,Fugel,Spira,Walser

M÷q =

,

-
÷M

2

÷qL
+ öm2

q(Q0) ömq(Q0)[ øAq(Q0) − µrq]

ömq(Q0)[ øAq(Q0) − µrq] ÷M
2

÷qR
+ öm2

q(Q0)

.

/

øAq(Q0) = running trilinear MS couplingat the input scaleQ0, rb = 1/rt = tan β

• Mixing angle

∗ correctionsto the o!-diagonal massmatrix entries: renormalisationof the mixing angles

∗ via the anti-Hermitian counter-term(avoid artiÞcial singularities for m÷q1 ≈ m÷q2 )
Bartl eal;Arhrib eal;
Eberl eal

δθq = 1
2

Re# 12 (m 2
÷q1

)+ Re# 12 (m 2
÷q2

)

m 2
÷q2

! m 2
÷q1
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The Scenario

Small ! eff scenario [modified]

tan β = 30

M ÷Q = 800GeV

M÷g = 1000GeV ←−
M2 = 500GeV

Ab = At = −1.133TeV

µ = 2 TeV

m÷t 1
= 679GeV m÷t 2

= 935GeV

m÷b1
= 601GeV m÷b2

= 961GeV
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Preliminary Results - K -facto r

K (gg !  H)

small #eff+

" s = 7 TeV

tg"  = 30

MSTW2008

QCD + SUSY$QCD
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Preliminary Results - Total Cross Section

!  (gg → H) [pb]
small #eff+
√s = 7 TeV
tg"  = 30
MSTW2008

QCD + SUSY$QCD
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Heavy loop particle mass limit

• Heavy quarks/squarks and very heavy gluinos [m2
÷g � m2

Q, ÷Q
�M2

" ]

c"
Q → 11

2 d"
gg → − 11

2 (1− z)3

d"
gq → −1 + 2z − z2

3 d"
qøq → 32

27 (1− z)3

c"
÷Q

→ 9 c"
SU SY → 10

3

• cφ

SUSY
: explicit decoupling of gluinos → non-supersymmetricLef f MMM,Rzehak,Spira

H

g

g

H

g

g

H

g

g

g

• • •

• Harlander,Steinhauser: mass degenerate squarks, no mixing, supersymmetric renormalization

M÷g � m ÷Q , mQ :

CH S
SQC D = 11

2 −
4
3 ln

M 2
÷g

m 2
÷Q

− 2ln
m 2

÷Q

m 2
Q

[SUSY:gH
÷Q

= 2gH
Q

m 2
Q

m 2
÷Q

]
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Heavy loop particle mass limit

• M g̃ � m
Q̃

, m Q: Supersymmetrylost due to decoupledgluino→ integrategluinosout

H

Q

øQ

−iλQ

(a)

H

÷Q

ø÷Q

−iλ ÷Q

(b)

H

÷Q

÷g

Q

øQ
(c)

H

Q

÷g

÷Q

ø÷Q
(d)

Q Q

÷g

÷Q

(a)

÷Q ÷Q

÷g

Q

(b)

• No mixing at LO:

λQ = gH
Q

m Q

v λ ÷Q = 2gH
Q

m 2
Q

v = κλ2
Q κ = 2 v

gH
Q
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Heavy loop particle mass limit

• SUSY beyond LO: MS couplings[µR > M÷g]

øλ ÷Q (µR ) = κøλ2
Q (µR )

• µ R < M g̃: (i) thresholdcorrections

(ii) di!erent RGEs[decoupled÷g]

• µ R < M g̃ : momentum-substractedcoupling→ thresholdcorrection:

(i) thresholdcorrection:

øλQ,M O (M÷g) = øλQ (M÷g)
&

1− 3
8CF

# S (M ÷g )
$

'

(ii) di!erent RGEs:

µ2
R

%ø&Q (µ R )
%µ 2

R
= −CF

2
# S (µ R )

$
øλQ (µR ) [µR > M÷g]

µ2
R

%ø&Q,M O (µ R )
%µ 2

R
= − 3

4 CF
# S (µ R )

$
øλQ,M O (µR ) [µR < M÷g]
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Heavy loop particle mass limit

• analogously for "
Q̃
:

(i) thresholdcorrection:

øλ ÷Q,M O (M÷g) = øλ ÷Q (M÷g)
&

1 + 3
4CF

# S (M ÷g )
$

'

(ii) di!erent RGEs:

µ2
R

%ø& ÷Q (µ R )
%µ 2

R
= −CF

# S (µ R )
$

øλ ÷Q (µR ) [µR > M÷g]

µ2
R

%ø& ÷Q ,M O (µ R )
%µ 2

R
= −CF

2
# S (µ R )

$
øλ ÷Q,M O (µR ) [µR < M÷g]

• Relation to quark pole mass: Gray,Broadhurst,Grafe,Schilcher

g"
Q

m Q

v = øλQ,M O (mQ )
&

1 + CF
# S (m Q )

$

'
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Heavy loop particle mass limit

2gH
Q

m 2
Q

v = øλ ÷Q,M O (m ÷Q )
&

1 + CF
# S
$

$
ln

M 2
÷g

m 2
÷Q

+ 3
2 ln

m 2
÷Q

m 2
Q

+ 1
2

%'

Lef f = # S
12$ Gaµ' Ga

µ'
H
v

& )
Q gH

Q

!
1 + 11

4
# S
$

"
+

)
÷Q

gH
÷Q

4

!
1 + CSQC D

# S
$

" '

gH
÷Q

= v
ø& ÷Q,M O (m ÷Q )

m 2
÷Q

" CSQC D = 4
3 ln

M 2
÷g

m 2
÷Q

+ 2 ln
m 2

÷Q

m 2
Q

+ 2
3 =⇒ CSQC D = 37

6

• Solution to RGEs [β0 = (33− 2NF −N ÷F )/12]

øλ ÷Q,M O (m ÷Q ) = 2gH
Q

m 2
Q

v
1+ 3

2 CF
# S ( M ÷g )

"

1+2 CF
# S ( m Q )

"

$
# S (M ÷g )
# S (m ÷Q )

%C F
$ 0

$
# S (m ÷Q )
# S (m Q )

%3C F
2$ 0

• No Q̃ loops to gg → A at LO ⇒ no ln M÷g Harlander,Hofmann
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Conclusions

• Summary

� SUSYQCD correctionsat NLO to gg → h/H including the full squark massdependence.

� Inclusionof full squark massdependencehassigniÞcante!ects on the K-factor compared to the
heavysquark masslimit. The deviationcan be as large asO(20%) for gg → h/H.

� Large QCD corrections+ large genuineSUSYQCD correctionsfor large tan β in the MSSM
← correctionsbeyond " b approximation

� Hgg coupling: decouplingof gluinosfor large M÷g: consistentwith Appelquist-Carazzonetheorem
(→ renormalization) � e!ective Lagrangian

• Outlook
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Conclusions

• Summary

• Outlook

� comparison with resultsby Anastasiou,Beerli,Daleo

� comparison with full SUSY-QCDcorrectionsin heavymasslimit Harlander,Steinhauser
Harlander,Hofmann;Degrassi,Slavich

� comparison with (s)bottom contributionsin asymptoticexpansion Degrassi,Slavich
Harlander,Hofmann,Mantler

� numericalresultsfor light scalar h

� study di!erent scenarios
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M.M. Mühlleitner, September 1st, 2011, SUSY11



Renormalization

Lagrangian separatesgluon and gluino exchangecontributionsin a renormalizableway

L = −1
4
Gaµ' Ga

µ' −
1
4
F µ' Fµ' +

1
2

(∂µ !) 2 − M2
!

2
! 2

+
0

Q

!
øQ(i /D −mQ )Q− g!

Q
mQ

v
øQQ!

"
+

0

÷Q

!
|Dµ ÷Q|2 −m2

÷Q | ÷Q|
2 − 2g!

÷Q

m2
÷Q

v
| ÷Q|2!

"

iDµ = i∂µ − gSGa
µ T a − eAµQ

Gluon, Φ = H/h interaction vertices:

g

Q

øQ

g

÷Q

÷Q

g

g

÷Q

÷Q

!

Q

øQ

!

÷Q

÷Q
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Renormalization - contÕd

� Quark/Squark mass m
Q,Q̃: on-shell

� g
H

Q̃
not renormalized [MSSM: gh/H

÷Q
=

m 2
Q

m 2
÷Q

gh,H
Q + mixing terms + D-terms ]

� αS MS (5 active flavours)

� HQQ̄ vertex:

H

Q

Q̄

Lin t = −gH
Q

m Q 0
v

øQ0Q0H = −gH
Q

m Q

v
øQQH

!
Z2 −

δmQ

mQ

"

1 23 4
Z H QQ

+ O(α2
S)

$H øQQ (q2 = 0) �= ZH QQ Braaten,Leveille

� HQ̃Q̃ vertex:

H

÷Q

÷Q

Lin t = −2gH
÷Q

m 2
÷Q 0

v
÷Q$

0
÷Q0H = −2gH

÷Q

m 2
÷Q

v
÷Q$ ÷QH

!
Z

÷Q
2 −

δm2
÷Q

m2
÷Q

"

1 23 4
Z H ÷Q ÷Q

+ O(α2
S)

$H ÷Q ÷Q (q2 = 0) �= ZH ÷Q ÷Q disregard renorm. of gH
÷Q

!
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The LO and NLO cross section w/ Squarks

! (pp !  h/H + X) [pb]

" s = 14 TeV
tg"  = 3

NLO

LO

mt = 174.3 GeV
CTEQ6

Mh/H [GeV]

h H! !
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! (pp → h/H + X) [pb]
√s = 14 TeV
tg"  = 30

NLO

LO

mt = 174.3 GeV
CTEQ6

Mh/H [GeV]

h H! !
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" ∼ 20− 100%

Kinks, bumps,spikes: ÷t1
ø÷t1,÷b1

ø÷b1,÷b2
ø÷b2 thresholdsin consecutiveorder with rising Higgsmass.
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Counterterm for the Yukawa coupling

• LO amplitude factored out from HO corrections

M =
)

Q, ÷Q FLO (τ0
Q )

!
1 + CSU SY (m0

Q , m0
÷Q
, A0

Q , θ0
Q ) # s

$

"

• Express LO amplitude in terms of resummed Yukawa coupling and renormalise

M =
)

Q, ÷Q
öm 0

Q

m 0
Q

FLO (τ0
Q )

!
1 + CSU SY (m0

Q , m0
÷Q
, A0

Q , θ0
Q ) # s

$

"

=
)

Q, ÷Q (1 + δCr ) öm Q ! ( öm Q

m Q ! ( m Q
FLO (τQ − δτQ )[1− δCr +

(CSU SY (mQ , m ÷Q , AQ , θQ ) + δCSU SY ) # s
$ ]

= (1 + δCr ) ömQ1 23 4
yr esum

Q /g !
b

1
m Q

FLO (τQ )
!
1− δCr − ( öm Q

öm Q
+ ( m Q

m Q
+ 1

FLO

%FLO
%m Q

(−δmQ )+

(CSU SY + δCSU SY ) # s
$

5

with

δCr = (−1 + $!
coup )" b where $h

coup = ! 1
tan # tan ) , $H

coup = tan #
tan )
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Formula for ∆b

∗ e!ective bottom mass Eberl eal; Hall eal; Carena eal;
Guasch eal;

ömb(Q0) = øm b (Q0 )
1+" b

" b = CF
2

# s
$ M÷g µ tan β I(m2

÷b1
, m2

÷b2
, M2

÷g )

with

I(a, b, c) = ab log a
b + bc log b

c + ca log c
a

(a! b)( b! c)( a! c)
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MSSM Higgs Boson Production at the Tevatron

Spira
! (pp

_
→h/H+X) [pb]

√s = 2 TeV
Mt = 175 GeV
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MSSM Higgs Boson Production at the Tevatron

Spira
! (pp
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The LO cross section w/ and w/o Squarks
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Virtual corrections - heavy loop particle mass limit

Total virtual correction [heavy squark/quark limit]:

Cvirt = $(1 ! *)
$(1 ! 2*)

$
4$ µ 2

M 2
!

%*
6
− 3

*2 − 33! 2N F
6*

$
µ 2

M 2
!

%! *
+ π2 + 11

2 + 7
2 Re

6 P
÷Q g!

÷Q
÷F ( ! ÷Q )

P
Q g!

Q F ( ! Q )+
P

÷Q g!
÷Q

÷F ( ! ÷Q )

7 7

↑ ↑
IR Coll

[without squark loopsonly 11
2 ]

To get a Þnite crosssectionthe real correctionshaveto be added.
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Real corrections - heavy loop particle mass limit

Total real corrections [heavy squark/quark limit]:

Creal =
$(1 − �)
$(1 − 2�)

$ 4πµ2

m2
!

%*& 3
�2 +

33− 2NF

6�

'

Dgg = − öτ
�

$(1 − �)
$(1 − 2�)

$ 4πµ2

ös

%*
Pgg(öτ ) − 11

2
(1− öτ )3

+12
&$ log(1− öτ )

1− öτ

%

+
− öτ [2− öτ (1− öτ )] log(1− öτ )

'

Dgq = −
& 1

2�

$(1 − �)
$(1 − 2�)

$ 4πµ2

ös

%*
− log(1− öτ )

'
öτPgq(öτ ) − 1 + 2öτ − öτ2

3

Dqøq =
32
27

(1− öτ )3

- IR, Coll. polesin Creal subtract the correspondingonesof the virtual corrections.
- Coll. polesin the real corrections(Altarelli-Parisi kernelsas coe"cients)

� absorbed in NLO structure functions.
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Result - heavy loop particle mass limit

σ(pp→ ! + X) = σ0[1 + C # S
$ ]τ!

dL g g

d! !
+" σgg + " σgq + " σqq

C = π2 + 11
2 + 7

2 Re
6 P

÷Q g!
÷Q

÷F ( ! ÷Q )
P

Q g!
Q F ( ! Q )+

P
÷Q g!

÷Q
÷F ( ! ÷Q )

7
+ 33! 2N F

6 log µ 2

M 2
!

" σgg =
( 1

! !
dτ dL g g

d!
# S
$ σ0

&
− öτPgg(öτ ) log Q2

ös −
11
2 (1− öτ )3

+12
! $

log (1 ! ö! )
1! ö!

%

+
− öτ [2− öτ (1− öτ )] log(1− öτ )

"'

" σgq =
( 1

! !
dτ

)
q, øq

dL g q

d!
# S
$ σ0

&
− ö!

2 Pgq(öτ )
!

log Q2

ös − 2log(1− öτ )
"

−1 + 2öτ − ö! 2

3

'

" σqøq =
( 1

! !
dτ

)
q

dL q øq

d!
# S
$ σ0

32
27 (1− öτ )3

[µ=Ren. scale,Q=Fact. scale]

natural scales:µ2 = Q2 = M2
!
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